L a ttic e C u r v a tu r e in N e a r ly P e r fe c t S ilicon C ry s ta ls R. Bubáková and Z. Trousil Institute of Solid State Physics, Czech. Acad. Sei., Prague (Z. Naturforsch. 28 a, 1199-1204 [1973] ; received 18 May 1973) Dedicated to Professor Dr. G. Borrmann on his 65th birthday Deviations from Friedel's law in the case of anomalous transmission of X-rays have been esti mated in as-grown silicon crystals.
Introduction
It is well known that anomalous transmission of X-rays, observed first by Borrmann 1, is sensitive to deformations of lattice planes due to mechanical stresses2 or due to temperature gradients3. It has been reported that Friedel's law loses its validity in the case of anomalous transmission both at low angle boundaries 4 and in the presence of small local defects in crystals 5.
On the other hand the results of the dynamical theory of X-ray diffraction, extended to elastically deformed crystals6' experimentally proved in 8, make it possible to determine deformations of crys tal lattices from deviations from Friedel's law.
This led us to try to measure the deviations from Friedel's law in the case of anomalous transmission of X-rays in as-grown nearly perfect Si crystals in order to determine small long-range growth defor mations of their crystal lattice. The aim of this ex perimental work was to detect the curvature of lat tice planes parallel to the growth axis and eventually to find variations of this curvature with changing distance from this axis. Another point of interest was to examine the differences in this variation at the origin and at the end of the investigated crystals. For this purpose nearly perfect silicon crystals were chosen grown in the (112) direction. Our experi ments have shown so far that dislocations in these crystals are oriented preferably parallel to the growth axis.
All measurements were carried out on a doublecrystal spectrometer.
Crystals used in Experiments
The silicon crystals were prepared by a special technique 9. Its technology will be published later.
The investigated crystal specimens were cut from four crystals, the growth axis of which was [llS ] and selected with respect to etch figures and growth conditions:
I. The first crystal contained 15 dislocations. Eight of them were near to the crystal origin ar ranged in a low angle boundary, perpendicular to (111) lattice planes.
II. The second crystal was grown initially as pure and dislocation-free. In a later stage carbon was added to the atmsophere in which the crystal was growing. The first approximately 2 cm long part of this crystal was grown without any apparent change. Suddenly a great number of dislocations appeared and the last part of the crystal was very imperfect.
III. Initially the third crystal was dislocation-free but it might have contained small concentrations of oxygen and carbon. However the optical absorption in the region of 9 pi in the infrared was not observ ed. Although the conditions during the growth were not changed, a large number of dislocations appear ed suddenly in a later stage of growth.
IV. The fourth crystal contained 22 dislocations. Twenty of them were arranged parallel to the (111) plane as can be seen in the cross-section of the speci men in Figure 1 .
All these crystals were cylinder like with a dia meter of 10. four crystals. The planes as observed from the sur face of the mentioned strip were indexed (111), the opposite side of the same planes is referred to as (TIT).
Crystal specimens I and II were plates with (110) surfaces parallel to the growth axis as can be seen from Figure 2 a. Specimens of the form of parallel epipeds from crystal III and IV were cut with faces parallel to (111) and (115) planes, as shown on Figure 2 b.
The faces of the specimens were ground and polished to within 1° from the given orientation and then etched in a mixture of 1 HF + 5 HN03 to remove the remaining surface damage. The thick nesses D0 of the specimens are indicated in Table 1 .
Measurements
An X-ray double-crystal spectrometer in (n, -n) position was employed. Characteristic MoKa radia tion (focus l x l mm2) impinging on the first crys tal had to pass a cylindrical collimator of diameter 2 mm.
For the sake of better reproducibility of the align ment of diffracting planes 10 symmetric Bragg-case reflexions was preferred for the first silicon crystal, which was pure and dislocation-free. The second crystal (the investigated specimen) was in the sym metric Laue position. A slit 2 mm wide and 3 mm high was located between both crystals, limiting the vertical divergence of the beam and allowing only the MoKa1 2 radiation to pass. The diffracted beam was detected by a scintillation counter with a pulse height discriminator so that there was no trouble with higher harmonics from the first crystal.
The deviation from Friedel's law was found by comparing the maxima of the (h k I) and (h k I) rocking-curves, obtained by measuring the diffracted intensity when the second crystal was rotated. The curvature of the diffracting planes (111) in the specimens I and II and of the planes (111) and (220) in the specimens III and I\ was investigated in this way. To relate the deviations from Friedel's law to the distance from the growth axis, the investi gation was repeated whilst shifting the specimen horizontally stepwise from one edge to the other. In all cases both the intensities of the anomalously transmitted direct and reflected beams were measur ed.
Results
The results of the measurements obtained Avith the specimens I and III are indicated in Figure 3 . The maxima of the rocking-curves are plotted as a func tion of the horizontal shift of the specimen from one border to the other. Each point represents the mean value of the maxima (in pulses per 1 min of time) of 10 rocking-curves obtained in the same position of the specimen. As can be seen from Fig. 3 , the in tensities of both direct beams in the pairs 7?0 (111) ; R0{TTT) and R0 (220); R0( 220), respectively, were nearly the same in each position of the specimen. Moreover the variation of the intensities of these pairs of beams was relatively small, when the speci men was shifted horizontally. N*103 m in V ,
.R 0(220)^R0 (220) The reflected beams behaved in quite a different way. The maxima of the rocking curves 72(111) and R (TIT) or 7? (220) and 72(220), respectively, were reproducibly dependent on the specimen's position as can be seen from Figure 3 . The greatest devia tions from Friedel's law are to be found in the cen tral part of specimen I (i. e. near the growth axis). On the other hand these deviations are high at the borders of the specimen III (i. e. near te surface of the crystal III).
For all specimens we found 7?0 (h k l) = 7?0 (h k I) within ± 4% (probable error). To eliminate an eventual long time instability of the apparatus each value of R (h k l) was related to the corresponding R0(h k l). The generated dislocation -loops on the boundarv between the dislocation -free and the dis torted part of crystal III can be seen on Figure 6 . 
Discussion
The experimental result R0 (h k l) = R0 (h hi) agrees with that of the dynamical theory for thick elastically deformed crystals c' 7.
From this theory the following relation results
/hich R R. > R (hkl) and R Rm (2) (h k l).
Here R and 7?qr indicate the maximum reflexion coefficient and the related transmission coefficient respectively. We estimated in our experiments R and the maximum transmision coefficient R0 . Both in ideal11 and in elastically deformed crystals 7 R and R0 do not appear simultaneously in the same angular position of the crystal. Due to this fact is /?or 4= Ro ■ Introducing i?0R = K Ro in relation (1) and (2) we obtain
To find the relation for K, we calculated the extremum values R and R0 of the reflexion and trans mission coefficients. In this calculation we neglected the contribution of the heavily damped mode. We found the approximate relations AV~2 y J ( lu D 0e + 2y 0) for the angular distance between the positions of R and 7?0 and also (4) were r} = l/£ ), is the direction cosine of the incident wave in the symmetrical Laue case. £ = Zih/ZiO> where y% and /jq are the h k l and 000 Fourier coefficients of the imaginary part of the electric susceptibility respectively.
For silicon crystals and MoKa radiation yn l = 0.9935 and y220 = 0.9837.
Using 12 and e f^ 0.989 and 0.970, we found etn = 0.698 and £2' -2o = 0.967. Relation (4) gives Kn i^0 .1 7 for fi Z)0( l l l ) = 8.25 for speci men II and A'220« 0 .8 8 for /< D0(220) = 13.8 for specimen III.
The value of K, determined from experimental results using relations (3) for specimen II, 111 and ITT diffractions, is K = K{ = 0.65 ± 0.03 and for specimen III, 220 and 220 diffractions, is K = K{ = 0.94+0.04. K; indicates the value related to that part of the specimen in which no deviation from Friedel's law was observed and K that part in which the highest deviation from Friedel's law was found.
Both experimental values of K are in qualitative agreement with the corresponding approximate theo retical values. Relation (3) is valid for all experi mental results 13.
In order to check the deformation of the investi gated crystals, we calculated the smallest radius r of curvature, the greatest angular deviation a of dif fracting planes and the relative change of the lattice Table 1 . D0 is the thickness of the specimens, the linear absorption coefficient, (hkl) the indices of diffracting planes, (R/R0) (hkl), (R/R0) (hkl) the ratios of intensity maximum of reflected and transmitted beams (exp. values), r the smallest radius of curvature, a the greatest angular deviation of diffracting lattice planes, Ad/d their relative change of lattice constant. Noteworthy is the deformation of the dislocationfree specimen III, found in the part of the crystal where dislocations originated. The systems of lattice planes, perpendicular to each other in the perfect crystal also remain perpendicular in the deformed state.
The results on Fig. 5 /IV show a strong deforma tion of (111) planes near the axis of the specimen (radius of curvature 1.7 km). On the other hand the deformation of the (110) planes was nearly negligible. It is possible in the arrangement of dis locations shown in Fig. 1, that [1963] .
For the specimen II Ave have tried to estimate the concentration of carbon atoms located in the silicon lattice near that part of the crystal where disloca tions were generated. The highest relative change of (111) lattice constant gives the atomic concentra tion 24 x 10~6 (i. e. 1.2 x 1018/cm3 of carbon atoms). This could be near to the critical value Avhere the growth of dislocation-free crystals is still possible for a given stability of the groAvth conditions. The estimated value seems not to be in contradiction to the solubility value of 1 .5 x l 0 18/cm3 at 1402 °C found by diffusion of radioactive C in the Silicon lattice 14.
Conclusion
Examining the validity of Friedel's law by means of anomalous transmission of X-rays on chosen specimens, we have tried to detect the long-range groAvth deformation in nearly perfect silicon crys tals.
The accuracy of this method seems to be suffi cient for the measurement of lattice curvatures in crystals which are not quite pure but free of disloca tions. Therefore the method should be important for the study of nearly perfect crystals. For example it could be used for the determination of the concen tration of electrically inactive impurities, inhomogeneously distributed in a "pure crystal". Another field of interest could be the investigation of con ditions for the generation of dislocations in dis location-free crystals.
